Endosomes and lysosomes play a critical role in various aspects of cell physiology such as nutrient sensing, receptor recycling, protein/lipid catabolism, and cell death. In drug delivery, endosomal release of therapeutic payloads from nanocarriers is also important in achieving efficient delivery of drugs to reach their intracellular targets. Recently, we invented a library of ultra pH-sensitive (UPS) nanoprobes with exquisite fluorescence response to subtle pH changes. The UPS nanoprobes also displayed strong pH-specific buffer effect over small molecular bases with broad pH responses (e.g., chloroquine and NH 4 Cl). Tunable pH transitions from 7.4 to 4.0 of UPS nanoprobes cover the entire physiological pH of endocytic organelles (e.g., early and late endosomes) and lysosomes. These unique physico-chemical properties of UPS nanoprobes allowed a 'detection and perturbation' strategy for the investigation of luminal pH in cell signaling and metabolism, which introduces a nanotechnology-enabled paradigm for the biological studies of endosomes and lysosomes.
between a cell and its external environment. For example, the recycling and degradation of transmembrane receptors through endocytosis regulates the sensitivity of cells to their specific ligands [3] . Extracellular materials, including a variety of molecules, cargos and fluid-phase contents, are internalized by cells through endocytosis. They travel along the increasingly acidic endocytic pathway and end up in endosomes or lysosomes. pH homeostasis and maintenance of proton gradient across organelle membranes are essential to cell physiology [1] . For endocytic pathways, progressive acidification is essential to various aspects of different biochemical and physiological functions [4, 5] . For instance, it compartmentalizes ligand-receptor uncoupling and activation of proteases for protein/lipid degradations into endosomes and lysosomes, respectively.
Lysosomes, as the 'end-point' of the endocytic pathway, were first discovered by Christian de Duve in 1955 [6] . Lysosomes have a highly acid lumen with various kinds of hydrolases/lipases for protein/lipid degradation and recycling of extracellular and intracellular components via endocytosis and autophagy, respectively. The resulting breakdown products become building blocks for protein/lipid synthesis and energy generation. More recently, lysosomes have been identified as signaling organelles that play an important role in nutrient sensing and response [7, 8] , and activate a master gene that regulates nutrient and energy metabolism [9, 10] .
Characteristics of endocytic organelles
After receptors and their ligands are internalized into cells through clathrin-coated pits (~100 nm diameter) [11] or early endosomes, they are disassociated from each other because of the acidic environment in the early endosomes. Most membrane-bound receptors are recycled back to cell surface for another round of delivery, while the ligands are destined for degradation in lysosomes. Many ligandconjugated nanoparticle designs took advantage of receptor-mediated endocytosis for targeted delivery into endocytic organelles. For nontargeted nanoparticles, most are internalized into cells through micropinocytosis, or fluidic phase endocytosis. It occurs with cell membrane ruffling and forms a pocket (up to 5 μm diameter) [12] engulfing bulk of extracellular fluids and molecules. The macropinosomes then pinch off from cell membrane and fuse with endosomes and lysosomes.
Late endosomes (250-400 nm diameter) [5] are bigger than early endosomes in size. Some late endosomes have more complex internal vesicular structures and are also named as multivesicular bodies (MVBs). The MVBs comprise inward invaginations of late endosome membranes and may contain certain receptors. In general, late endosomes are closer to nucleus than early endosomes, and they have extensive exchange with trans-Golgi-network (TGN). Lysosomal hydrolases are carried to late endosomes from TGN through mannose-6-phosphate receptors. Once the hydrolases are released, the receptor is retrieved to the Golgi by retromer and Rab9 [13] . Along with further drop of luminal pH, late endosomes mature into lysosomes. Lysosomes appear as electron dense bodies when viewed under electron microscopy. They are highly heterogeneous in terms of composition, morphology and density mainly due to the diversity of cargos and their degradation levels.
Rab GTPases, a family of small GTPases that regulate membrane trafficking, have been found to be the most important biomarkers for organelle identity and regulators of the endocytic pathway [13] . Rab GTPases are associated with cell/organelle membranes when they are in the guanine triphosphate (GTP)-binding 'ON' form and they will be removed when in the guanine diphosphate (GDP)-binding 'OFF' form. Rab5 is a biomarker for early endosomes, because normally Rab5-GDP resides in the cytosol, and its guanine-nucleotide exchange factors (GEFs) activate it to GTP-binding form on early endosome membranes. Rab4 and Rab11 are also early endosome markers, but Rab11 is mainly located on recycling endosome membranes. Maturation of early endosomes to late endosomes involves a switch from Rab5 to Rab7 that also mediates the fusion with lysosomes [3] . Another late endosome biomarker, Rab9, mediates the trafficking between late endosomes and TGN. Lysosomes are enriched in a family of glycosylated lysosome associated membrane proteins (LAMPs), so Rab7 and LAMPs are both markers for them. Although these membrane proteins are useful markers of organelle identity, since endocytic organelles are highly dynamic, and there is extensive traffic among them, it is possible that none of these proteins are exclusively associated with any of these components. Multiple characterizations may be needed in some cases.
The machinery of lysosomal biogenesis was unclear for a long time until recently a specific gene network called coordinated lysosomal expression and regulation (CLEAR) was identified. Most lysosomal genes share a common CLEAR sequence (GTCACGTGAC) close to the transcriptional start site, which mediates transcriptional activation [14] . The transcriptional factor EB (TFEB) can bind to this sequence and induce the transcription of lysosomal genes. When lysosomes are under stress, TFEB translocates from cytoplasm to nucleus and activates its target genes. Thus, TFEB is considered as the master regulator of lysosomal biogenesis and function, which coordinates the transcription of lysosomal genes. Recently, it has also been found to regulate starvationinduced autophagy and lipid metabolism [15] , placing the lysosomal network in the center of cell metabolism and homeostasis.
The physiological importance of pH in endo/lysosomal maturation and function
Acidification is substantial to endosome maturation. Endocytic vesicles are more acidic than a lot of other organelles, and lysosomal pH values can be as low as 4.0-4.5 [4] . The low pH not only offered an optimal environment for hydrolase activation, it is also essential for uncoupling ligands from receptors, inactivation of microbicidal factors, membrane trafficking, cargo transportation and other important reactions. The primary way of delivering protons into the organelle lumen is through proton-pumping vacuolar-ATPase (v-ATPase) [4] . V-ATPase are composed of two distinct subunits: a transmembrane V 0 complex that transfers protons across membranes and a V 1 cytosolic complex that hydrolyzes ATP and converts chemical energy into mechanical force required for proton displacement. Na + /K + ATPase, Cl − and Ca 2+ channels that influx counter ions or efflux cations are also in place to maintain the balance of membrane potential and pH [16] [17] [18] . Cargo release, hydrolase maturation, degradation, autophagy and intracellular trafficking are all dependent on pH gradients [17] . Bafilomycin A1 (baf A1) [19] and concanamycins [20] are specific inhibitors of v-ATPase and can efficiently dissipate the proton gradient across organelle membranes of the whole endocytic pathway. Baf A1 is sufficient to block the transportation of cargos from early endosomes to late endosomes in most cases indicating a defect of endosome maturation [21, 22] . It has also been used to block the fusion of late endosomes [23] or autophagosomes [24] with lysosomes indicating an important role that luminal pH plays in cargo transportation.
In the therapeutics of diseases with disturbed lysosomal pH, restoring the acidity of endo/lysosomes could be an efficient way to promote the degradation and clearance of accumulated substances. Presenelin-1 is an important protein in Alzheimer's disease, and it has also been shown to regulate the trafficking of v-ATPase to lysosomal membranes [25] . Mutated presenelin-1 is one of the major causes of familial Alzheimer's disease, which results in disrupted lysosomal pH, defective hydrolase maturation and activity that may be attributed to abnormal v-ATPase trafficking [25] .
Defective or blocked endocytic pathways and/or global disturbance of intracellular pH have been associated with a variety of pathological conditions [4, 26] , such as oncogenic transformation [27] , autoimmune disease [28] and neurodegenerative diseases [29, 30] . However, specific knowledge is still lacking on how local (i.e., organelle-specific) pH variations may affect cell physiology. The biochemical functions of many membrane-bound proteins are highly sensitive to minor pH perturbations (e.g., H + -sensing G protein-coupled receptors [31] and vacuolar H + -ATPase (v-ATPase) a2-isoform [32] ), which leads to the hypothesis that luminal pH can impact a variety of cell signaling processes and cellular metabolism. Currently, various reagents have been used to manipulate and study the acidification of endocytic organelles, which include lysosomotropic agents (e.g., chloroquine and NH 4 Cl), v-ATPase inhibitors (e.g., bafilomycin A1) and ionophores (e.g., nigericin and monensin) [33] . However, these reagents are membrane permeable and may simultaneously target multiple acidic organelles (e.g., Golgi apparatus with a pH of~6.5) [1] , and therefore, are not specific to inhibit catabolic organelles along the endocytic pathway. Typically, the luminal pH of endocytic organelles are measured by small molecular pH sensors such as LysoTracker and LysoSensor probes. These probes accumulate in acid organelles and exhibit pHdependent fluorescence increase. However, the pH-dependent fluorescence change is relatively low (b20 fold), which also results in a wide pH-response range (usually spans over 2 pH units) thereby a low pH resolution. Moreover, the small molecular probes with low protonation degree may diffuse back into cytosol and increase background fluorescence or accumulate in other acidic organelles such as Golgi. These limitations have motivated us to design and develop alternative pHsensitive probes to label endosomes and lysosomes. pH-sensitive polymer nanoparticles represent a new set of tools for studying endocytic organelles since they are exclusively taken up by endocytosis. These nanoparticles are versatile in specific controls in particle size, surface charge and modification to further increase specific targeting to a particular cell-surface receptor. In addition, the nanoparticles can be tailored to target a predetermined pH to respond to a specific endocytic pH as a binary off/on sensor. These potential advantages endow unique opportunities to nanoparticles in organelle imaging, drug/gene delivery and other cell biology studies.
pH-sensitive nanomaterials
pH-sensitive small molecules have been used to detect and study the acidification of endocytic organelles for a long time, such as LysoTracker, LysoSensor and fluorescein, but they suffer from low pH resolution and off-target effect as described above. Currently, various pH-sensitive nanomaterials have been developed by employing molecular moieties with pK a values around the functional pH range of endo/lysosomes [34] .
Typical pH-sensitive groups including those containing tertiary amines, carboxylic acids, sulfonamide, and amino acids (especially histidine) exhibit protonated and deprotonated states [35] [36] [37] . For polymer nanoparticles, typical examples of monomers include acrylic acid, methacrylic acid, maleic anhydride, N,N-dimethylaminoethyl methacrylate. A dramatic conformational change of micelles and a swelling behavior of hydrogels according to their protonation state are commonly exploited to show pH transitions [38] . A typical example of this design is the poly-L-histidine (polyHis) micelles developed by Bae and coworkers [39] [40] [41] [42] . The polyHis has a pK b around neutral pH and the unsaturated nitrogen offers an amphoteric property by protonation and deprotonation. The micelles were stable at pH 8.0 and started to disassociate when pH drops below 7.4. In order to tailor the triggering pH of polyHis micelles to more acidic pH and also to make it more stable, Bae and coworkers developed a mixed micelle composed of poly(Lhistidine)-poly(ethylene glycol) block copolymers (polyHis-b-PEG) and poly(L-lactide) (PLLA)-b-PEG. It is stable at pH above 7.4 and undergoes a dramatic structural change upon a pH drop to 6.8-7.0 [39] , which can be activated in early endosome and/or acidic tumor microenvironment. An anti-cancer drug doxorubicin (DOX) was successfully encapsulated into the micelle core due to the hydrophobic interaction with deprotonated polyHis segments. A selective disassociation at acidic (~pH 6.8) tumor microenvironment endows an improved anti-tumor efficacy of the mixed micelles versus the pH-insensitive PLLA-b-PEG micelles alone [43] . Sulfonamide is another example of pH-sensitive groups used in polymers because of the pK a (6.8-6.9) of the sulfonamide groups close to the physiological pH. When pH is higher than 6.8, the negatively charged poly(methacryloyl sulfadimethoxine) (PSD)-b-PEG interacts with positively charged DNA-containing polycation complex through electrostatic interactions; when pH drops below 6.8, PSD-b-PEG detached from the complex because the sulfonamide groups were no longer charged [44] . The shielding effect from PSD-b-PEG offers an opportunity for the protection of ligand-decorated nanoparticles before the environment becomes acidic [45] .
Another strategy is to introduce acid-labile linkages into the system. These chemical bonds, such as acyl hydrazone, acetals and 2,3-dimethylmaleic amide (DMMA) linkages [46] , are stable at neutral pH (i.e. pH 7.2-7.4), but undergo acid-catalyzed cleavage when pH drops. The Park and Kataoka groups have used this approach to attach the anti-cancer drugs to the copolymers with acid-labile acyl hydrazone linkages [47, 48] . Hydrolysis of hydrazone bonds in lysosomes (pH 5.0 or lower) facilitates a controlled release of drugs from the core of polymer micelles. Fréchet and coworkers have introduced another design of pH-sensitive micelles by attaching hydrophobic groups to the periphery of dendrimer blocks by an acid-sensitive acetal linkage [49, 50] . Hydrolysis of acetal linkages at low pH, including tumor tissue and/or endocytic organelles, causes disassociation of hydrophobic groups, and the dendrimer core becomes hydrophilic, which destabilizes the micelle and facilitates the drug release causing a similar cytotoxicity to that of the free drug. Unlike most pH-sensitive linkages that requires highly acidic environment such as lysosomes to induce cleavage, DMMA was found to be selectively cleaved at weakly acidic pH like tumor microenvironment by Wang and coworkers [51] . They developed a cross-reacted nanogel composed of poly(2-aminoethyl methacrylate hydrochloride) (PAMA) and DMMA. The nanogel was negatively charged due to the carboxylate group on DMMA at neutral pH, after cleavage at lower pH (6.8), the positively charged amine groups were left, contributing to more interaction of the nanogels with cell membranes and enhanced cell uptake. The charge conversion from negative to positive values when pH is more acidic also contributes to an accelerated drug (DOX) release probably due to the decreased interaction between DOX and the protonated nanogels.
The success of these pH-sensitive polymer nanomaterials in drug/ gene delivery depends on the progressive decomposition of polymers/ micelles and the slow but sustained release of therapeutic agents at tumor site, which may take up to days. In these cases, even a fast release takes minutes to occur [39] . However, they may not be the best choice in terms of imaging, especially live-cell imaging of highly dynamic endocytic organelles. Moreover, most of these materials are limited by their near neutral pK a , which does not have the bandwidths for imaging endocytic organelles with luminal pH ranges from 4.0 to 6.8. Therefore, ultra pHsensitive nanomaterials that respond sharply to subtle pH changes and have a tunable, broad pH-sensing range are needed to fill in the gap.
3. A novel ultra pH-sensitive (UPS) nanoprobe for 'detecting and perturbing' endo/lysosomes
Lighting up endocytic organelles
During the maturation process of endosomes to lysosomes, a drop of luminal pH from 7.4 to 6.5 can occur in a few minutes, and 6.5 to 4.0 can be within 1 h [3] . To track the dramatic pH change within a relatively short time period, it requires the nanoprobes to be ultra pH-sensitive and render a fast temporal response. Fluorescence is one of the most common readouts for cell/organelle imaging. A system with non-linear signal amplification and high detection sensitivity is preferred to precisely report the pH changes and to facilitate further quantification.
Sharp OFF/ON response rendered by micellization and homo-FRET effect
To achieve sharp pH-sensitivity and fast response, a series of copolymers with ionizable tertiary amine groups and covalently conjugated fluorophores have been developed [36] (Fig. 1a-b) . In this ultra pHsensitive (UPS) nanoprobe design, poly(ethylene glycol) (PEO) is used as the hydrophilic segment while ionizable tertiary amines are introduced into the hydrophobic segment (PR). When conjugating pH-insensitive dyes with small Stokes shift (b40 nm) into the PR segment, the dyes stay silent in the core of the micelle at higher pH predominantly through homo-FRET (Förster resonance energy transfer) [52, 53] decay mechanism between the dye molecules. When pH drops below the transition pH, protonated and positively charged PR segment causes micelle disassembly and increase of fluorescence emission due to the diminished homo-FRET induce quenching.
Mechanistic investigation shows that the self-assembled micelles drive reversible catastrophic, all-or-nothing protonation of tertiary amine groups, leading to rapid and complete dissociation of the micelles within a narrow pH range (e.g., b0.3 pH unit) [54] . The significantly sharpened pH response and binary on/off transition arises from the strong hydrophobic pH cooperativity induced by hydrophobic micellization, which is absent in unimolecular (e.g., chloroquine) and commonly used polymeric bases (e.g., poly(ethyleneimines)). Combination of theoretical modeling and experimental validation revealed key structural parameters such as repeating unit hydrophobicity and polymer chain length, which impact pKa and pH transition sharpness of UPS nanoprobes [54, 55] . The cooperativity and fluorescence activation make fluorescence a perfect readout of pH response and extends the application of the nanoprobes to in vitro imaging, especially for specific endocytic compartments [56] .
Activation of UPS nanoprobes in specific endocytic organelles
The hydrophobicity of the PR segment and the resulting transition pH of the UPS nanoprobes can be adjusted by altering the monomers used for the PR segment. For example, in the linear dialkyl series, isopropyl (UPS 6.2 , each subscript indicates the pK a of the corresponding copolymer) and butyl (UPS 5.3 ) groups yield a distinctive transition pH at 6.2 and 5.3, respectively, which is ideal to differentiate the luminal pH of early endosomes (6.0-6.5) [57] and late endosomes/lysosomes (5.0-5.5) [4, 57] . When co-incubating with human H2009 lung cancer cells, UPS nanoprobes showed no observable fluorescence signal in the medium at pH 7.4 [36] . At 15 min, fluorescent signal from UPS 6.2 -TMR started to increase over time, and after 30 min, co-localization of UPS 6.2 -TMR and green fluorescent protein (GFP)-labeled Rab5a (an early endosome marker) can be found in 80% of cells, while only 12% co-localization with GFP-fused LAMP1 (a lysosome marker) were observed at the same time (Fig. 1c) . In contrast, UPS 5.3 -TMR nanoprobes showed a different distribution for activation. Along the whole time, less than 10% of co-localization with GFP-Rab5a was observed. Instead, almost all of the activated UPS 5.3 -TMR nanoprobes ended up in GFP-LAMP1-positive organelles (Fig. 1d) . A vacuolar-ATPase inhibitor baf A1, which blocks proton pumping and acidification of endocytic organelles, is able to abolish the intracellular activation of both UPS nanoprobes. The selective activation of UPS 6.2 and UPS 5.3 in early endosomes and lysosomes reveals an early indication of this non-linear OFF/ON nanoprobe system for studying the maturation of endocytic organelles.
An ultra pH-sensitive polymer library
In the previous UPS nanoprobe design, the transition pH of different nanoprobes is controlled by the hydrophobicity of PR segments synthesized from different single monomers. The drawback of this strategy is that the transition pH is limited by the discrete hydrophobicity of the PR segments. To continuously fine tune the transition pH of the UPS nanoprobes, a random copolymerization strategy was employed by adjusting the molar fraction of two monomers with different but closely matched hydrophobicity [58] (Fig. 2b) . A list of methacrylate monomers with different side chains, including ethyl, propyl, butyl and pentyl groups, were used. The resulting nanoprobe series consist of 10 nanoprobes with 0.3 pH increment covering the entire physiological pH range from 4.0 to 7.4. Each nanoprobe maintains a sharp pH response within 0.25 pH range. To label the nanoprobe library with a wide range of fluorophores (400-820 nm), the pH-insensitive fluorophore series also need to be extended from those with small Stokes shifts (b 40 nm) like rhodamine and cyanine dyes. Fluorescence quenchers (FQs) are broadly used for activatable imaging probes [59] [60] [61] [62] . They absorb radiative energy from fluorophoes through hetero-FRET effect and dissipate it into heat. Dye-conjugated copolymers were mixed with FQ-conjugated copolymers with matched emission wavelengths into the same micelle core. FQs quench the fluorescence signals from the dyes at micelle state, but the energy transferring effect is diminished once micelles disassociate (Fig. 2a) . Addition of FQs results in a high fluorescent activation of more than 50-fold signal amplification for fluorophores with large Stokes shifts (e.g., marina blue or PPO, Δλ ≥ 100 nm), while no effect on the sharpness of pH transition was observed (Fig. 2c ). This UPS library with each nanoprobe encoded with a different fluorophore provides a valuable toolkit to target a variety of physiological and pathological processes involving pH regulation. For example, in the low pH range, UPS 4.4 can be used for detecting functional lysosome and hydrolase activity; in the intermediate range (pH 5.0-6.5), UPS nanoprobes are useful for studies of endosome maturation as well as drug delivery applications; UPS nanoprobes covering higher pH range (pH 6.5-7.1) can be an ideal fit for the study of acidic tumor microenvironment and early endosome formation and pH regulation (Fig. 2d) .
Quantitative measurements: an 'always-ON/OFF-ON' design
To further pertain the ability to quantify the maturation process of endosomes, we improved the UPS nanoprobe design with a dual fluorescence reporter for quantitative live-cell imaging. In this case, pH-insensitive 'always-ON' copolymers with one fluorescence encoding were employed to track intracellular distribution of UPS nanoprobes, and they were mixed with matched pH-activatable copolymers into the same micelle core. Initial attempts were focused at conjugating a dye (e.g., Cy3.5) on the terminal end of PEO to produce an 'always-ON' signal, however, the resulting nanoprobes showed binding to serum proteins, which made them unstable. To overcome this limitation, a hetero-FRET design using a pair of fluorophores was employed. In one example, BODIPY and Cy3.5 were used as donor and acceptor, respectively. Both dyes were conjugated separately to the PR segment of the copolymers. A mixture of both copolymers with two-fold donors (BODIPY) over acceptors (Cy3.5) allowed the hetero-FRET-induced fluorescence quenching of donor dye in the micelle state. When pH drops below the transition pH, micelle disassembly disrupts fluorescent energy transfer and the two fluorophores emit signals independently (Fig. 3a-b) . Since cyanine dyes have small Stokes shift [63] , to avoid the homo-FRET effect of Cy3.5 in the micelle state and make it an 'always-ON' signal, the weight fraction of Cy3.5-conjugated copolymer in the micelles were controlled as 40%. The resulting UPS nanoprobe showed sustained fluorescence in the Cy3.5 channel (always-ON) over a broad pH range, while a sharp pH response and high fluorescent activation (~30 fold) can still be observed in the BODIPY channel (OFF/ON, Fig. 3c ). By using low dose (100 μg/mL) always-ON/OFF-ON UPS 6.2 , UPS 5.3 and UPS 4.4 , the progressive activation process of the nanoprobes in different endocytic organelles can be quantified by normalizing the intensity of the fluorescent dots in the BODIPY channel by that in the Cy3.5 channel. This 'always-ON/OFF-ON' design not only allows the operator to track the localization of the nanoprobe, but may also provide a quantified method to characterize the acidification level of different cell lines.
Buffering effect -'detecting and perturbing'
The pH sensitivity of UPS nanoprobes is based on the ionizable tertiary amine groups on the hydrophobic segment. Typical pH sensitive groups, including histidine, carboxylates, and sulfonamide-containing groups, also have various buffer capacity, and can be used as a 'proton sponge'. When these nanoprobes are internalized by cells, the buffer capacity may perturb intracellular or intra-organelle pH, which provides a unique opportunity to study intracellular pH regulation and how pH regulates cell signaling, metabolism and even cell death. This may also provide insights for studying the interaction between live cells and nanomaterials.
Physico-chemical and in vitro characterization
Previous studies have shown a sharp pH-responsive UPS nanoprobe library as a series of tunable fluorescence sensors for intracellular imaging. Actually, the pH-sensitive tertiary amine groups also provide the UPS nanoprobe library with a potent pH-tunable buffer capacity at a narrow pH interval across the physiological pH range from 4.0 to 7.4. Fig. 4a shows the pH titration curves of all UPS nanoprobes in the presence of 150 mM NaCl. Each nanoprobe buffered the pH of the polymer solution at their apparent pK a as HCl was added. In contrast, chloroquine (CQ), a small molecule base that is commonly used to elevate lysosomal pH, showed a broad pH response in the range of pH 6 to 9 (pK a = 8.3). Furthermore, polyethylenimine (PEI), a gold standard for nucleic acid delivery and also considered as a 'proton sponge', also behaved as a broad pH buffer [65] . Buffer capacity is determined by the following formula: β = − dn H + /dpH, where dn H + is the quantity of added H + and dpH is the associated pH change, which can be calculated from the pH titration curves. All nanoprobes showed strong and specific buffering effect around their pK a , and the maximal β values can be more than 300-fold higher than CQ (Fig. 4b) . This collection of UPS nanoprobes thus provides a unique set of 'detecting and perturbing' toolkit for imaging and arresting early endosomes (E.E., 6.0-6.5) [57] , late endosomes (L.E., 5.0-5.5) [57] and lysosomes (4.0-4.5) [4] . In the cell-based assays, UPS 6.2 , UPS 5.3 and UPS 4.4 were selected as examples and showed dose-dependent and sustained pH plateaus at their pK a , mimicking what they behave in the test tubes (Fig. 4c) . However, the commonly used imaging dose 100 μg/mL did not delay organelle acidification for any tested UPS nanoprobes. Furthermore, to quantify the acidification rates of endo/lysosomes, the average number of micelles per cell was measured based on the fluorescence intensity of internalized nanoprobes, and was divided by total cell number. The number of protons pumped per second for each organelle can then be calculated based on the number of amino groups per micelle and the average number of endosomes/lysosomes per cell ( Table 1 ). The result is consistent with estimations [66] [67] [68] [69] from literatures.
Coat protein dynamics
Coat proteins on endo/lysosomal membranes such as Rab5, Rab7, LAMP1 and LAMP2 facilitate targeted protein/cargo transportations to these organelles, and they are also the biomarkers of organelle maturation. On the other hand, progressive acidification also indicates the transformation from early endosomes to lysosomes. Nanomaterials, such as UPS nanoprobes, which arrest endo/lysosomal pH may perturb the maturation of endosomes and also affect coat protein dynamics. To examine the consequences of UPS buffering of luminal pH on endosome protein coat maturation, UPS 6.2 and UPS 4.4 were selected to study the recruitment of the Rab5 GTPase, which is a discriminating feature of early endosome (pH 6.0-6.5) biogenesis [3] , and LAMP2, which is a biomarker of lysosomes (pH 4.0-4.5) [4] . Fluorescent dextran was used as a temporally synchronized comparator that does not perturb luminal pH. UPS 4.4 showed similar behavior as fluorescent dextran: over 60% colocalization with Rab5-positive/LAMP2-negative early endosomes in the first 15 min, and transitioned to a Rab5-negative/LAMP2-positive maturation state within 60 min. However, an unusual co-localization of UPS 6.2 -positive endosomes with both Rab5-and LAMP2-positive vesicles was observed in a similar timeframe. The release of Rab5 was observed after 2 h when cells overcame the buffering capacity of UPS 6.2 . These nanoprobe-enabled observations uncover a regulatory mechanism that recruits LAMP2 to nascent endo/lysosomes independent of the luminal pH and release Rab5 in a pH-dependent pathway.
Cell signaling and metabolism
Lysosomes are involved in degrading and recycling extracellular and intracellular materials through heterophagy and autophagy processes, respectively. More recently, they have also been identified as signaling organelles that mediate the nutrient-dependent activation of mammalian target of rapamycin complex 1 (mTORC1). In mammalian cells, it has been shown that mTORC1 is recruited to the surface of lysosomes in the presence of amino acids through a conformational change of v-ATPase [70] and Ragulator [7] . V-ATPase is also known as a main acidifier of endo/lysosomes. However, whether there is any connection between the acidification of lysosomes and mTORC1 activation is currently unknown. UPS nanoprobes with strong and precisely controlled buffering capacity within a narrow pH range can act as a unique tool to examine the consequence of arresting luminal pH on endo/lysosome biology and the cell signaling events that flow through endo/lysosomes. UPS nanoprobes that discretely report and buffer at pH 6.2, 5.3, 5.0, 4.7 and 4.4 were selected to cover the functional pH range of endocytic organelles. Arresting pH to higher than 5.0 was sufficient to significantly delay and suppress the response of mTORC1 pathway to free amino acids. No obvious effect was observed from UPS 4.7 and UPS 4.4 . On the other hand, when bovine serum albumin (BSA) was used as a macromolecular nutrient source rather than free amino acids, UPS 4.4 delayed mTORC1 activation in response to BSA as well as other UPS nanoprobes. Given that UPS 4.4 also largely suppresses the activity of cathepsin B and inhibits autophagic degradation of p62/SQSTM1 otherwise induced by serum-deprivation, we summarize these observations as distinct endo/lysosomal pH thresholds existing for free amino acids sensing (pH b 5.0) versus macromolecule degradation and sensing (pH b 4.4) (Fig. 4d) .
Lysosomes recycle intracellular macromolecules and debris to produce metabolic intermediates and regulate energy metabolism [2] . Abnormal accumulation of large molecules, including lipids and glycoproteins in lysosomes are associated with metabolic disorders [71, 72] . The highly selective perturbation of lysosomal acidification by UPS nanoprobes may be used to assess alteration of the metabolite pool associated with lysosomal malfunction. Liquid chromatography-triple quadrupole mass spectrometry (LC/MS/MS) was used to quantify intracellular metabolites. Under nutrient replete conditions, as the dose of UPS 4.4 increased, the relative abundance of most amino acids increased, which is consistent with defects in lysosomal export of amino acids caused by pH arrest and/or an inhibition of amino acid consumption for protein synthesis. In nutrient deprived conditions, the loss of many essential amino acids including lysine, valine, methionine, and arginine is consistent with the inhibition of starvation-induced catabolism of macromolecules like albumin caused by UPS 4.4 (Fig. 4e) . Extensive metabolic profiling was done with higher dose of UPS 6.2 UPS 5.3 , UPS 4.4 and baf A1. The response of UPS nanoprobes clustered nicely according to expectations associated with their pH clamping activity. Interestingly, comparing to nanoprobes and the vehicle controls, baf A1 induced distinct metabolic changes, which may reflect its broader intracellular targets. Together, there exist interplays between organelle acidification and metabolite pools, and proper lysosomal acidity is required for nutrient and energy homeostasis. Although further investigation on mechanism of actions is needed, all these nanomaterials-enabled observations may unveil an unconventional way to study biological problem with nanotechnology.
Selective killing of cancer cells
Personalized therapy for cancer patients with specific genetic backgrounds is becoming more important to achieve broader therapeutic windows than the conventional cytotoxic drugs. Toward this goal, we recently identified a selective metabolic vulnerability of non-small cell lung cancer (NSCLC) cells with co-occurring oncogenic KRAS and suppressed LKB1 (liver kinase B1) activity, which results in their addiction to a lysosome-dependent supply of TCA cycle substrates for maintaining ATP production and mitochondria functions [73] . Genetic or chemical inhibition of v-ATPase activity has been shown to selectively induce apoptosis in this oncogenic background. Comparing to small molecule inhibitors, the buffering capacity of UPS nanoprobes may afford a cleaner environment to test whether lysosomal pH is sufficient to cause programmed cell death [8, 74] . Normal (HBEC30KT) and tumor-derived (HCC4017) cell lines from the same patient were used to test the hypothesis, as well as an isogenic progression series with oncogenic KRAS and LKB1 suppression artificially introduced into the normal cell background [75] . UPS nanoprobes showed dose-dependent selective toxicity to bronchial epithelial cells with expression of oncogenic KRAS and inhibition of LKB1 (Fig. 5a-b) . Moreover, UPS-induced programmed cell death was rescued by re-supplying cell-permeable TCA cycle substrates: methyl pyruvate and α-ketoglutarate (Fig. 5c) . Together, these results indicate that selective vulnerability of KRAS/LKB1 co-mutant NSCLC cells to lysosomal pH arrest by UPS nanoprobes likely arises from addiction to lysosomal catabolism required for mitochondria health. 
Conclusions and future prospects
The maintenance of an appropriate pH gradient in the endocytic compartments is of great importance to their physiological functions. As a hallmark of endosomal maturation, the gradual acidification ensures the activation and inactivation of proteins and signaling molecules. Endosomes and lysosomes are extensions of plasma membranes in cell signaling and metabolism and play a fundamental role in many physiological and pathological conditions. Numerous studies have shown a highly complex and regulated endocytic pathway, however, specific mechanisms and concepts underlying the maturation of endocytic organelles into catabolic lysosomes needs to be benchmarked. Small molecular modulators such as chloroquine, NH 4 Cl and Baf A1 have been commonly used for manipulation of endo/lysosomal acidification and luminal pH. However, these small molecules are membrane permeable and can target broader pH-dependent or even pH-independent activities. As a result, investigation of endosome/lysosome biology using these agents may suffer from complicated, non-specific effects on multiple acidic organelles (e.g., Golgi) [1] .
pH-sensitive nanomaterials are playing an increasingly important role in various biomedical applications such as drug and gene delivery, diagnostic imaging, biosensing, and image-guided surgery. In this review, we describe the use of pH-sensitive nanoprobes for the fundamental studies of endosome and lysosome biology. One distinctive advantage of nanoprobes is that these nanoprobes are membrane-impermeable and can only enter cells through endocytosis. Another advantage that is unique to the UPS nanoprobes is the fast, tunable and amplified fluorescent signals at specific pH transitions comparing to the reported pH-sensitive probes (e.g., small molecular pH sensitive dyes [76] , peptides [77, 78] , or photoelectron transfer (PeT) nanoprobes [79, 80] with 10-fold signal change over 2 pH). A UPS library with 0.3 pH increment covering pH range from 4.0 to 7.4 affords an ideal toolkit for imaging subtle pH change in endocytic vesicles. Development of always-ON/ OFF-ON UPS nanoprobes has extended their applications into quantitative imaging measurement of endo/lysosomal acidification rate. Recently identified strong buffering capacity of UPS nanoprobes further creates a 'detect and perturbation' strategy that is suitable for studying endocytic organelles and their luminal pH in various biological contexts. These nanoprobes should also be useful to investigate the "proton sponge" effect in drug and gene delivery, and offer much higher pH resolution than the conventional poly(ethyleneimines) [81] to investigate the most optimal pH range for endosomal escape and cytosolic delivery. The ultra-pH sensitive property of the UPS nanoparticles is a unique nanoscale property of stimuli-triggered supramolecular self-assembly systems, where nanophase transition or hydrophobic micellization renders all-or-none cooperativity that can be leveraged to amplify or switch signals [54] . Such self-assembly principles can potentially be extended to the development of other stimuli-responsive nanomaterials with a binary response to an external stimulus, and can offer new opportunities to investigating biology with an increased precision and sensitivity.
